Abstract: Ring formation in phosphate systems is expected to influence both the magnitude and orientation of the phosphorus ( 31 P) nuclear magnetic resonance (NMR) chemical shielding anisotropy (CSA) tensor. Ab initio calculations of the 31 P CSA tensor in both cyclic and acyclic phosphate clusters were performed as a function of the number of phosphate tetrahedral in the system. The calculation of the 31 P CSA tensors employed the GAUSSIAN 98 implementation of the gauge-including atomic orbital (GIAO) method at the Hartree-Fock (HF) level. It is shown that both the 31 P CSA tensor anisotropy, and the isotropic chemical shielding can be used for the identification of cyclic phosphates. The differences between the 31 P CSA tensor in acyclic and cyclic phosphate systems become less pronounced with increasing number of phosphate groups within the ring. The orientation of the principal components for the 31 P CSA tensor shows some variation due to cyclization, most notably with the smaller, highly strained ring systems.
Introduction
The calculation of nuclear magnetic resonance (NMR) parameters using ab initio techniques has become a major and powerful tool in the investigation of molecular structure. The ability to quickly evaluate and correlate the magnitude and orientation of the chemical shielding anisotropy (CSA) tensor with variations in bond angles, bond length, local coordination number and nearest-neighbor interactions has seen a number of recent applications in the investigation of molecular structure [1] .
Determination of the structure and medium range order (MRO) in amorphous phosphate systems continues to be of interest in our laboratory. In particular, we are interested in utilizing ab initio computational techniques to look at how variations in the molecular structure impact the resulting 31 P NMR observables. For phosphate systems there have been a limited number of semi-empirical and ab initio calculation of NMR parameters reported [2] [3] [4] [5] [6] [7] . One of the structural variations that has received little attention is the effect of ring formation on the magnitude and orientation of the 31 P CSA tensor within phosphate systems.
The formation of rings in complex systems is often forwarded to explain anomalous or unique physical properties. For example, recent molecular dynamic (MD) simulations have suggested that the MRO, including the formation of strained rings, in lithium ultraphosphate glasses may play an important role in the observed thermodynamic behavior [8] . The experimental verification of significant ring formation in these alkali phosphate glasses has yet to be realized. The aim of this paper is to determine if there are specific 31 P CSA tensor parameters that can be used as markers for the existence of phosphate rings in complex amorphous systems. To address the impact of ring formation on the resulting 31 P NMR CSA tensor, a series of ab initio calculations for phosphate clusters of different sizes, ranging from two to six phosphate tetrahedra are presented.
Theoretical Method
The 31 P CSA tensors and the energy minimized structures for both the acyclic and cyclic phosphate clusters were calculated using the parallel version of the GAUSSIAN 98 software package [9] on an eight-node DEC ALPHA computer. The gauge-including atomic orbital (GIAO) method [10] at the Hartree-Fock (HF) level of theory were employed. Investigations of basis set dependence of 31 P CSA tensor have been reported [11] , including a detailed comparison between HF and DFT methods in phosphates [4] , and will not be detailed here. The 31 P NMR shielding results presented were obtained using HF methods and the 6-311++G(2d,2p) basis set. All geometry optimizations employed HF methods using a 6-31+G(d) basis set. Additional details about the optimized clusters, including structural details and effective ring strain energies will be presented elsewhere (T. M. Alam, in preparation).
Typically it is only necessary to report the three principal components (or eigenvalues) of thetensor is described within the principal axis system (PAS), the diagonal representation of the tensor is obtained. Additional information about the PAS, and how it is related to the molecular axis system, is given in the later results section on 31 P CSA tensor orientation.
The 31 P CSA tensor can also be described by three additional parameters; a) the isotropic value (or trace), σ iso , of the shielding tensor which is defined as ( )
b) the anisotropy (∆σ) of the tensor, given by ( )
and, c) the shielding tensor asymmetry parameter (η) given by
The assignment or ordering of the principal components in the 31 P CSA tensor depends on the convention used, but for this manuscript the principal components are defined using 33 iso 11 iso 22 iso .
Results: Calculation of Chemical Shielding Anisotropy Tensors

Effect of Cyclization on the Magnitude and Anisotropy of the CSA Tensor
The changes in the 31 P CSA tensors due to ring formation for a series of phosphate clusters are reported. We were particularly interested in highly condensed and cross-linked phosphate systems, such as might be observed in phosphate glasses. While there have been recent advances in ab initio techniques for calculations of NMR parameters in large periodic systems [12] , the ab initio method utilized in the present study requires the selection of isolated clusters for the actual calculations. To obtain these isolated clusters the explicit bonding or cross-linking to adjacent phosphate species is removed, with terminal P-OH groups taking the role of P-O-P linkages. In this manner it is possible to obtain clusters of manageable size for the geometry optimization and chemical shielding calculations. Figure 1 . Different optimized conformations for 2-P, 3-P, 4-P, 5-P and 6-P-membered acyclic phosphate clusters. Phosphorus is depicted as yellow, oxygen is red, and hydrogen is white. Each phosphorus nuclei has a number ID for identification with 31 P CSA tensor values listed in Table 1 . . Different conformations for 2-P, 3-P, and 4-P-membered cyclic phosphate clusters. Phosphorus is depicted as yellow, oxygen is red, and hydrogen is white. The +/ − nomenclature refers to the relative orientation of the terminal P=O bonds (see text for details). Each phosphorus nuclei has a number ID for identification with 31 P CSA tensor values in Table 2 .
2-P Rings
( cis, + + ) ( trans, + − )
3-P Rings
( cone, + + + ) ( partial cone, + + − ) 
4-P Rings
2-P Rings
3-P Rings
( cone, + + + ) ( partial cone, + + − ) Phosphorus is depicted as yellow, oxygen is red, and hydrogen is white. The +/ − nomenclature refers to the relative orientation of the terminal P=O bonds (see text for details). Each phosphorus nuclei has a number ID for identification with 31 P CSA tensor values in Tables 3 and 4 .
4-P Rings
The results presented here were aimed at determining the effects of cyclization on the 31 In the optimized acyclic clusters the observed P=O bond lengths are ~1.44 Å, the P-OH bond lengths range from ~1.54 to 1.57 Å, with the P-O-P bond lengths being ~1.61 Å. These bond lengths are slightly different than the previous ab initio results reported for the H 4 P 2 O 7 cluster [5] , but these length differences result from the smaller basis set used for optimization in the present study: HF 6-31+G(d) versus B3LYP 6-311++G(2d,2p) in previous studies .
Because every phosphate tetrahedral contains a terminal P=O bond, the relative orientation of these terminal oxygen bonds can lead to different ring conformations. For example, in a cyclic phosphate cluster containing only two phosphorus atoms, the relative orientation of the terminal P=O bonds can be on the same side of the ring (cis) or on different sides of the ring (trans). These two different ring conformations will be designated as ( + + ) and (+ − ), respectively. This +/− notation will be used to designate the various ring conformations for the different sized cyclic phosphate clusters investigated, and are shown in Figures 2 and 3.
The 31 P CSA tensors for the acyclic phosphate clusters as a function of the number of phosphate tetrahedral were calculated and are given in Table 1 . The isotropic chemical shielding, the individual tensor elements in the principal axis system (PAS), the tensor anisotropy and the CSA asymmetry parameter (as defined by Equations 1-3) are given. In the acyclic clusters there are both endgroup phosphate species (which contain two P-OH, one P=O and one P-O-P oxygen species) and a middle phosphate species (which contain one P-OH, one P=O, and two P-O-P oxygen species). In the larger acyclic clusters there is approximately a +10 ppm increase in the isotropic chemical shielding due to the change from a endgroup phosphate species to a middle phosphate species. The magnitude of this shift is similar to that observed experimentally between Q 3 and Q 2 or Q 2 and Q 1 phosphate species. A +18.8 ppm increase in shielding was noted between the endgroups and the middle phosphate species in a recent ab initio calculation of the 31 P CSA tensor in the P 3 O 10 5-cluster [7] . Experimentally an increase in shielding of +8.6 ppm and +10.8 ppm between the endgroup and middle phosphate species has been noted for the (I) and (II) crystal forms of the anhydrous Na 5 P 3 O 10 salts, respectively [14] .
Similarly, in crystalline K 5 P 3 O 10 an increase of +15.0 to +18.3 ppm has also been reported [15, 16] . [5] . In those ab initio investigations it was shown that changes in the P-O-P bond angle was the structural variant that produced the largest change in the 31 P CSA tensor. For that simple cluster, the isotropic chemical shielding increased with larger P-O-P bond angles, consistent with the trends observed in the present study. For the H 4 P 2 O 7 cluster, changes in the O b -P-O b / P-O t torsional angle φ had minimal effect on the isotropic chemical shielding, but did produce significant changes in the CSA anisotropy (~30 ppm) for torsional angles greater than ~80 o [5] . Therefore, for the phosphate clusters reported in this manuscript, the observed variations in the 31 P CSA tensor are probably the result of changes in both the P-O-P bond angle and the O b -P-O b / P-O t torsional angle. a The ID number corresponds to the numbering of the individual P atoms in Figure 1 .
The ab initio NMR simulations of the 31 P CSA tensor for the 2-,3-and 4-P membered phosphate rings are given in Table 2 . The simulated 31 P CSA tensors for the different 5-P membered and 6-P membered cyclic clusters are given in Tables 3 and 4 The effects of cyclization for the smaller clusters are similar to previous calculations in phosphate systems. There is a +4 to +20 ppm increase in the chemical shielding noted for the phosphates between the cyclic H 3 P 3 O 9 (both conformations) and the middle phosphate species in the H 5 P 3 O 10 cluster (Table 1 and 2) . Ab initio calculations of the P 3 O 10 5-and the cyclic P 3 O 9 3-Na-P species predicted a similar +7.1 ppm increase in the 31 P chemical shielding [7] . The isotropic chemical shielding for the H 2 P 2 O 6 cluster (Table 2) is not distinctly different from the other cyclic phosphate a The ID number corresponds to the numbering of the individual P atoms in Figure 3 .
ppm to nearly +395 ppm ( 
This relationship is based on the experimental chemical shift of PH 3 (δ = 266.1 ppm). The shielding for PH 3 at this level of theory has already been reported as 590.1 ppm [5] .
The asymmetry of the CSA tensor (η) is also variable (see Tables 1-4 a The ID number corresponds to the numbering of the individual P atoms in Figure 3 .
absolute correlation between η and the size of the cluster, or whether the cluster was cyclic or acyclic.
For the cyclic phosphate clusters it was noted that the phosphate species with larger η typically had smaller ∆σ, but this trend is not universal, and does not extend to the acyclic phosphate clusters investigated (see Tables 2-4 ). Figure 4 shows the correlation between the 31 P isotropic chemical shielding (σ iso ) and the CSA anisotropy (∆σ) as a function of the number of phosphates in the both acyclic and cyclic clusters.
There are regions were distinct differences between the 31 P CSA tensors for cyclic and acyclic clusters are observed: most notably for the 2-P, 3-P and 4-P-membered phosphate rings. The dotted lines in Figure 4 are for visual separation of these regions. For cyclic clusters ∆σ is typically greater than ~ +250 ppm, with σ iso being larger than ~ +375 ppm. The acyclic clusters tend to have smaller tensor values than cyclics, with values of +250 ppm and +375 ppm for ∆σ and σ iso , respectively. This distinction between cyclic and acyclic phosphate clusters disappears for the 5-P and 6-P-membered rings, where overlap between the predicted cyclic and acyclic 31 P CSA parameters was observed. This loss of distinct differences in the larger cyclic clusters was expected since these are 10-and 12-membered rings (P and O) where the possible ring conformations do not require as many restrictive structural constraints. It is interesting to note that the highly strained 2-P-membered ring conformations [8] have a larger anisotropy (~ +325 ppm) than any of the other cyclic clusters, as was discussed earlier in this section.
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Effect of Cyclization on Orientation of CSA Tensor
In general the chemical shielding tensor contains both symmetric and antisymmetric components.
The antisymmetric components of the shielding tensor, as well as other non-secular components, contribute only in second order to the observed frequency, and can be readily neglected [17] . The GAUSSIAN 98 output contains both the symmetric and antisymmetric tensor components. To determine the relative orientation of the CSA tensor, it is therefore necessary to decompose the 31 P CSA tensor ( σ ) into the symmetric ( sy σ ), and antisymmetric ( asy σ ) components [18] sy a s y
The antisymmetric components of σ are given by ( )
where T σ is the transpose. The symmetric component sy σ is therefore the only part of concern, and is diagonal in the PAS, with the eigenvalues of this diagonal representation being used in description of the 31 P CSA tensor through Equations 1-4.
The relative orientation of the CSA tensor in the PAS and the tensor orientation in the molecular coordinate system allows additional changes in the tensor due to cyclization to be addressed. The representation of the CSA tensor (symmetric portion only) in the PAS is diagonal and will be denoted by D σ . The matrix representation of the CSA tensor in a different coordinate system ( σ ), in this case the molecular frame representation given by GAUSSIAN 98, can be realized by a transformation between the two coordinate systems according to [18] 
where R D is the rotation matrix. This can be reduced to a principal-value relationship
where σ n are the eigenvalues of the matrix σ , and the eigenvectors n r ur are the column vectors of the rotation matrix R D. These eigenvectors describe the orientation of the PAS in the molecular coordinate axis system. A more detailed description of these transformations is given in Reference [18] . Both the σ 11 and σ 22 tensor elements split the P-O-P bond projection, and are not collinear with either the P-OH or the P-O-P bonds. In general, due to the lack of bonding symmetry only the σ 33
element is approximately collinear with any of the P-O bonds in these clusters.
The relative orientation of the 31 P CSA tensor for the 2-P-membered cis (+ +) and trans (+ −) cyclic cluster is shown in Figure 6 . For both the cis and trans cluster the σ 33 principal component is nearly parallel to the terminal P=O bond vector (~12 o -13 o ), while the projection of the σ 22 component bisects the two P-O-P bonds forming the ring, and the σ 11 component lies in the plane of the 2-P-membered ring. The orientation of the σ 22 tensor element between the two bridging oxygen atoms forming the ring is consistent with the high anisotropy observed for these smaller cyclic clusters (see Table 2 and 
Discussion
The 31 P NMR CSA tensors for a series of acyclic and cyclic phosphate clusters has been analyzed using ab initio GIAO calculations. As seen in Figure 4 , there are distinct differences in both the isotropic shielding (σ iso ) and tensor anisotropy (∆σ) noted for acyclic and cyclic phosphate clusters, most notably for the smaller 2-P, 3-P and 4-P-membered cyclic systems. For the larger 5-P and 6-Pmembered cyclic clusters these differences diminish as a result of the reduced conformational constraints.
So the original question still remains. Are any of the 31 P CSA tensor parameters distinct enough to be used as an indicator of cyclic versus acyclic systems in amorphous phosphate systems? Based on the ab initio cluster calculations reported here, the answer is yes for certain type of cyclic systems. For the smaller 2-P, 3-P and 4-P-membered ring clusters (known to have higher internal ring strain energy), both ∆σ and σ iso are significantly larger than that observed in simple linear or acyclic phosphate clusters. Therefore if it was someway possible to isolate different species based on this increase in the chemical shift and/or anisotropy, the formation of rings versus chains in complex systems could be determined from NMR observables.
Experimentally this proposition may prove to be very difficult, especially in cases where changes in the modifier concentration or the production of hydrated species can produce similar changes in the chemcial shielding. For example, in the 31 P MAS NMR investigations of lithium ultraphosphate glasses by Alam and Brow [19] , the anisotropy (∆σ) for the Q 3 phosphate species ranged from 200 to 255 ppm. A crude argument based on Figure 4 would suggest that these phosphate species are predominantly linear in nature, without a high concentration of rings. This conclusion is in contrast to arguments based on MD simulations [8] . The effect of Li modifier concentration, and/or Li position, on the resulting shielding anisotropy has yet to be explored. In the investigations of Losso and coworkers [3] , they found that the position of the modifier produced significant variations on the isotropic chemical shielding. Therefore in complex systems there may be many factors contributing to the variations in the chemical shielding that should be considered in making such arguments. In very controlled systems, where there is a predominance of a given structure, and other variations such as modifier concentration or hydroxyl formation does not occur, the identification of cyclic versus acyclic phosphate clusters becomes more realistic.
